abbreviatioNs ATF6 = activating transcription factor 6; BiP = binding immunoglobulin protein; CHOP = C/EBP homology protein; CTE = chronic traumatic encephalopathy; DAB = diaminobenzidine; DHA = docosahexaenoic acid; ER = endoplasmic reticulum; GADD34 = growth arrest and DNA damage-inducible protein 34; GSK3b = glycogen synthase kinase-3b; IHC = immunohistochemistry; IRE1a = inositol requiring enzyme 1a; JNK = c-Jun N-terminal kinase; NFL = National Football League; PBS = phosphate-buffered saline; PERK = protein kinase RNA-like ER kinase; PHF = paired helical filament; p-eIF2a = phosphorylated eukaryotic initiation factor 2a; TBI = traumatic brain injury; WWE = World Wrestling Entertainment; XBP1 = X-box binding protein 1. obJective Chronic traumatic encephalopathy is a progressive neurodegenerative disease characterized by neurofibrillary tau tangles following repetitive neurotrauma. The underlying mechanism linking traumatic brain injury to chronic traumatic encephalopathy has not been elucidated. The authors investigate the role of endoplasmic reticulum stress as a link between acute neurotrauma and chronic neurodegeneration. methods The authors used pharmacological, biochemical, and behavioral tools to assess the role of endoplasmic reticulum stress in linking acute repetitive traumatic brain injury to the development of chronic neurodegeneration. Data from the authors' clinically relevant and validated rodent blast model were compared with those obtained from postmortem human chronic traumatic encephalopathy specimens from a National Football League player and World Wrestling Entertainment wrestler. results The results demonstrated strong correlation of endoplasmic reticulum stress activation with subsequent tau hyperphosphorylation. Various endoplasmic reticulum stress markers were increased in human chronic traumatic encephalopathy specimens, and the endoplasmic reticulum stress response was associated with an increase in the tau kinase, glycogen synthase kinase-3b. Docosahexaenoic acid, an endoplasmic reticulum stress inhibitor, improved cognitive performance in the rat model 3 weeks after repetitive blast exposure. The data showed that docosahexaenoic acid administration substantially reduced tau hyperphosphorylation (t = 4.111, p < 0.05), improved cognition (t = 6.532, p < 0.001), and inhibited C/EBP homology protein activation (t = 5.631, p < 0.01). Additionally the data showed, for the first time, that endoplasmic reticulum stress is involved in the pathophysiology of chronic traumatic encephalopathy. coNclusioNs Docosahexaenoic acid therefore warrants further investigation as a potential therapeutic agent for the prevention of chronic traumatic encephalopathy.
C hroniC traumatic encephalopathy (CTE) is a progressive tau-dependent neurodegenerative disease associated with a history of concussive and/or subconcussive injury in sports or from exposure to blast waves in military personnel. 50 Several progressive neuropsychiatric symptoms such as impulsive behavior, depression, loss of executive function, and cognitive decline have been reported with this progressive tauopathy. 26 Alarmingly, the number of sports-related concussions has risen to 300,000 per year in the United States, and the number of military service personnel exposed to blast traumatic brain injury (TBI) during the recent wars in Iraq and Afghanistan was estimated at 270,000. 33, 49 Although several case reports and case series have examined the underlying pathology of CTE, few studies have looked at pathways that link TBI to chronic neurodegeneration. 27, 35, 36, 55 As such, the pathophysiology of CTE development remains poorly understood and no viable therapeutics are under development due to the lack of identified therapeutic targets. 58 To address this lack of understanding, we investigated one component of the pathophysiology linking acute neurotrauma to chronic neurodegeneration.
We propose that the endoplasmic reticulum (ER) stress response may play an important role in linking acute neurotrauma to chronic tau-dependent neurodegeneration. 24 The ER stress response consists of three arms: protein kinase RNA-like ER kinase (PERK), inositol requiring enzyme 1a (IRE1a), and activating transcription factor 6 (ATF6). The arms are activated when binding immunoglobulin protein (BiP) dissociates from the ER membrane, signaling an increase in unfolded proteins. 18 While Arm one (PERK) is generally neuroprotective, it can elevate C/EBP homology protein (CHOP) above the threshold at extended time points, which lead to apoptosis. 16 Arms two (IRE1a) and three (ATF6) likewise increase CHOP and trigger proapoptotic pathways. 45 Arm two can also lead to the phosphorylation of c-Jun N-terminal kinase (JNK). 60 ER stress markers are acutely increased following TBI in rodent models. 21 Recent findings have shown that ER stress increases following cortical contusion in a rat model, with changes in amyloid precursor protein and tau. 4 Weight-drop-induced TBI has been shown to increase intracellular calcium and result in the activation of the ER stress response in mice. 43 Controlled cortical impact also increases ER stress and triggers apoptosis in rats acutely after injury.
11 While these studies demonstrate the role of ER stress in acute pathophysiological events after TBI, how ER stress contributes to persistent neurodegeneration remains unclear. Abisambra and colleagues have ascertained that tau from neurofibrillary tangles perpetually activates the ER stress response. 1 Conversely the ER stress pathway can activate tau kinases such as apoptosis signal-regulating kinase 1, JNK, and glycogen synthase kinase-3b (GSK3b). 8, 38, 48 These important costimulatory interactions connect ER stress in interplay with chronic neurodegenerative diseases. In addition, phosphorylated PERK has been colocalized with tau in diseases such as Alzheimer's disease and supranuclear palsy. 52 Herein, we provide compelling evidence that the ER stress response is not only activated acutely following neurotrauma but is also involved in the development and progression of CTE-like findings in an animal model and in postmortem specimens that were previously described as having CTE. 36 Furthermore, we show that the development of CTE-like findings following repetitive concussive blast in rats is prevented by administration of docosahexaenoic acid (DHA). DHA, an important component of omega-3 fatty acids, has recently been shown to decrease ER stress by lowering intracellular calcium. 4 Our data show that DHA administration decreases tau kinases, tau hyperphosphorylation, and improves cognitive performance 3 weeks after repetitive blast injury. Modulation of ER stress responses may therefore represent a promising preventative and therapeutic strategy in the field of neurotrauma.
methods animals and human samples
All experiments involving animals were approved by the Institutional Animal Care and Use Committee of West Virginia University and were performed according to the principles of the Guide for the Care and Use of Laboratory Animals. Eighty-eight young-adult male rats (Hilltop Lab Animals, Inc.) were used for this study based on power analysis calculations (DSS Research). We used 24 rats for Morris water maze behavioral testing, 32 rats for immunohistochemistry (IHC) staining, and 32 rats for Western blot analysis. For human IHC studies, we used sections from the entorhinal cortex of a National Football League (NFL) player with diagnosed CTE, a World Wrestling Entertainment (WWE) wrestler with diagnosed CTE, and an age-matched (44-year-old male) control.
The case of the WWE wrestler was previously documented and published in 2010. 36 Briefly, he was 40 years of age at the time of death. Death was ruled a suicidedeath by asphyxiation resulting from hanging. The patient had a history of repetitive brain trauma that included a car collision and mild TBI at 6 years of age and at least 15 self-reported concussions throughout his career in wrestling. Prior to his death, he suffered from depression and memory loss. The patient also had a history of presumed anabolic steroid use and suspected prescription drug dependency (narcotics).
The case of the NFL player was previously documented and published in 2010. 35 Briefly, he was 36 years of age at the time of death, which was the result of a head-on motor vehicle collision with a tanker truck. The patient had a history of repetitive head trauma from 4 years of collegiate football and 8 seasons in the NFL. Prior to his death, he suffered from cognitive and neuropsychiatric symptoms. He also had a history of parasuicidal behavior.
experimental groups, blast exposure, and drug treatments
The control groups received no blast injury but were anesthetized with 4% isoflurane. A single blast (50 PSI reflected) was administered perpendicular to the right side of the rat's skull while the animal was anesthetized (4% isoflurane). Repeat blasts involved 6 total blasts given every other day for a total of 2 weeks, with the rats having been anesthetized prior to each blast. Groups for 24-hour postinjury IHC study were as follows: control, single blast, and repeat blast. Groups for 24-hour postinjury Western blot study were as follows: control, single blast, single blast+DHA, and DHA alone. Groups for 3-week postinjury Western blot and IHC study were as follows: control, repeat blast, and repeat blast+DHA. Groups for 3-week postinjury behavioral study were as follows: control, repeat blast, and repeat blast+DHA. All groups receiving repeat-blast exposure had 1 blast administered every other day for 2 weeks (6 total blasts). DHA (Zone Labs, Inc.) was delivered intraperitoneally 16 mg/kg 5 minutes following each blast exposure for the DHA+repeat-blast groups, and subsequently every other day until Morris water maze testing. 4 
blast exposure
A scaled moderate-intensity blast wave(s) (approximately 50.72-PSI peak reflected over pressure) was released perpendicular to the right side of the animal's head with a shield of polyvinyl chloride protecting its body. Blast exposures were generated using a novel shock tube described in our prior work. 54 The shock tube was designed with a short driver section to generate a shortduration wave, a characteristic deemed clinically relevant based on extensive work demonstrating scaling principles associated with blast across species. The overpressure was recorded using piezoelectric sensors (Model 102AO5; PCB Piezotronics) placed in the reflected and incident positions at the exit of the shock tube. Data were then recorded using a sensor signal conditioner (482C Series; PCB Piezotronics) and a data acquisition board (DAQ 23GF; National Instruments). Data were then recorded on the computer using a customized program written with LabView version 12.0 (National Instruments). A representation of the experimental setup can be seen in Fig. 1 .
biochemistry preparation
Animals used for Western blot analysis were sacrificed by decapitation with a sharpened guillotine after being anesthetized by inhalation of 4% isoflurane (Halocarbon). For Western blot, the brains were immediately placed in a lysate buffer containing the following: 10 mM Tris, pH 7.4, 320 mM sucrose, 1% Triton X-100, 1% CHAPS, and 0.025% NaN 3 , with phosphatase and protease inhibitors (1 mM EDTA, 1 mM EGTA, 50 mM sodium fluoride, 2 mM sodium orthovanadate, 0.1 mM ammonium molybdate, 0.2 mM phenylarsine oxide, and Roche Complete tablets). 39 Bilateral dissections of the cortex, hippocampus, striatum, and cerebellum were performed, and tissue was subsequently flash frozen in liquid nitrogen and stored at -80°C for current and future studies. Animals used for immunohistochemistry were anesthetized with 4% isoflurane (Halocarbon) and transcardially perfused with icecold 0.9% saline and then with 10% formalin for a total of 10 minutes. The brains were dissected and placed in 10% formalin. Brains were block-sectioned into 4 coronal sections, embedded in paraffin, and serially sliced with a Leica RM2235 microtome (Leica Microsystems) for immunofluorescent, diaminobenzidine, and H & E staining.
western blot
Western blot procedures were performed similarly to previous work published by our lab. 10 Hippocampal protein samples were dissolved in 0.5 ml hot (85°-95°C) 1% sodium dodecyl sulfate, sonicated, and assayed with a bicinchoninic acid protein assay kit (Thermo Fisher Scientific). Thirty micrograms of protein per well was run with 2× Laemmli buffer on precast Bolt Bis-Tris Plus 10% 12-well gels (Life Technologies) using a Bolt Mini tank system (Life Technologies). A SeeBlue Plus2 Prestained Standard (Life Technologies) was used. Nitrocellulose membranes (Bio-Rad) were used for wet transfer (BioRad) at 60 V for 2.5 hours. Imaging was conducted with a LI-COR fluorescent scanner at wavelength 700 or 800, intensity of 6.0, and resolution of 84. Images were converted to gray scale and analyzed after background subtraction (Odyssey Processing Software). Values were normalized to b-actin to give relative overall intensity.
The following primary antibodies were used: AT270, growth arrest and DNA damage-inducible protein 34 (GADD34; Thermo), BiP, CHOP, p-JNK (Cell Signaling), p-GSK3b (Santa Cruz), and CP-13 (kindly gifted by Dr. Peter Davies, Albert Einstein College of Medicine), all at a concentration of 1:1000. Anti-rabbit or anti-mouse IRDye secondary antibodies (LI-COR) were used at a concentration of 1:2000. A b-actin rabbit monoclonal antibody (Cell Signaling) was used as an endogenous control at a concentration of 1:10,000. Imaging was conducted with a LI-COR fluorescent scanner, and images were analyzed after background subtraction (Odyssey Processing Software). Values were normalized to b-actin to give relative overall intensity.
immunohistochemistry
Qualitative and quantitative staining was completed using previously described techniques for H & E, brightfield imaging with diaminobenzidine (DAB), and fluorescent imaging. 41, 54 Briefly, to remove paraffin, slides were washed for 5 minutes in xylene, 100% EtOH, and 95% EtOH followed by 5-minute rehydration in dH 2 O. The slides were then quenched with 10% methanol and 10% H 2 O 2 in Dulbecco's phosphate-buffered saline (PBS) for 15 minutes. After quenching, slides were rinsed 2 times in PBS for 10 minutes each. The slides were then placed in permeabilizing solution (1.8% L-Lysine, 4% horse serum, and 0.2% Triton X-100 in PBS) for 30 minutes. For fluorescent staining, brain slices were circumscribed, incubated with primary antibody overnight followed by a fluorescent secondary for 3 hours, and fixed with a coverslip. If staining for colocalization, a second set of primary and secondary antibody was applied prior to fixing the coverslip. For DAB staining, primary antibody, secondary antibody, streptavidin-horseradish peroxidase, and then DAB were applied before fixing with the coverslip. The H & E protocol consisted of dissolving off paraffin with 5-minute washes in xylene, 100% EtOH, and 95% EtOH. The slides were then stained in Harris hematoxylin solution for 2 minutes and 15 seconds. The slides were rinsed in running tap water and then dipped in differentiating solution (0.25 ml concentrated HCl in 100 ml of 70% EtOH). The slides were rinsed again in running tap water and placed in Scott's Tap Water substitute (2 g of NaHCO 3 and 20 g of MgSO 4 in 1 L of tap water) for 1 minute. Slides were placed in 95% EtOH for 0.5 minutes and stained with Eosin Y solution for 0.5 minutes. The slides were dehydrated with 5-minute washes in 95% EtOH, 100% EtOH, and xylene and then a coverslip was fixed with Permount.
Primary antibodies were CHOP, IRE1a, X-box binding protein 1 (XBP1), phosphorylated eukaryotic initiation factor 2a (p-eIF2a), p-PERK, ATF6 (Cell Signaling), AT100, AT270, GSK3b (Thermo), MCI, paired helical filament (PHF), and CP-13 (kindly gifted by Dr. Peter Davies, Albert Einstein College of Medicine). Secondary antibodies for fluorescent imaging were Alexa Fluor 488 and 594 (Life Technologies) tagged with the corresponding species to the primary antibody. Imaging was done with a Zeiss Axio Imager 2 (Carl Zeiss Microscopy). For quantification of DAB staining, perivascular regions were randomly selected from the hippocampus region in rats and the entorhinal cortex in humans. An observer blinded to the experimental group randomly selected 100 total cells. The number of positive cells was reported as a fraction of total cells counted. For fluorescent staining, 20 cells per slide were randomly selected by blinded observer, outlined, and measured. Fluorescent density was compared with background readings, corrected with ImageJ software, and quantified. Colocalization quantification with the Just Another Colocalization Plugin for ImageJ was used to determine overlap coefficient or Pearson's coefficient. 6 Overlap coefficient was calculated using the formula k^2 = k1*k2, with values adjusted to threshold.
morris water maze
Animals were assessed beginning 2 weeks after final blast exposure. The pool was approximately 180 cm in diameter and had a 10 × 10-cm platform submerged 2.5 cm below the surface of the water (20°C). The training paradigm consisted of 6 days of spatial acquisition with a hidden platform followed by a probe day when the platform was removed. On acquisition days, rats were placed into the maze apparatus 4 times from different predetermined locations. The animals were allowed 2 minutes per trial to locate the platform. Timing stopped once the platform was found. If the animal did not find the platform, it was placed on the platform for 15 seconds to facilitate acquisition before starting the next trial. On the probe day, animals were placed in the apparatus for 1 minute at a novel entrance point. The time the animal spent exploring an area encompassing 300% of where the platform had been was recorded. Any-Maze Video Tracking software (Stoelting Co.) was used to record distance traveled as well as latency to reach platform for all studies. Tracking plots for each animal were recorded (Fig. 2) .
statistical analysis
A blinded observer performed all quantification for IHC and Western blot. One-way ANOVA was used for IHC, Western blot, and Morris water maze. Bonferroni post hoc comparison was used to determine differences between groups. For DAB staining, a chi-square analysis Tau hyperphosphorylation can occur after traumatic neurotrauma, however, indicating acute changes similar to human pathology. In the Sprague-Dawley rodent model, DAB staining revealed that PHFs were present in perivascular regions of the hippocampus for repeat-blast animals (ratio 18/100) (c and d), but not in control (ratio 0/100) (a and b), and were reduced in DHA+repeat-blast animals (ratio 3/100) (e and F). Similarly, CP-13 was increased in repeat-blast animals (ratio 17/100) (i and J), but not in control (ratio 0/100) (g and h), and was reduced in DHA+repeat-blast animals (ratio 4/100) (K and l). In addition, H & E staining revealed nuclear chromatolysis, vacuolization, and degeneration after repeat blast was used for comparison of groups. For colocalization studies, Pearson's coefficient was obtained for control sections. Overlap coefficient was obtained for experimental groups to determine the extent of same-cell protein expression. Two-way ANOVA was used to determine timedependent acquisition for Morris water maze learning trials. GraphPad Prism 5.0 (GraphPad Software, Inc.) was used for statistical analysis; p < 0.05 was considered statistically significant for all data analyzed.
results tau pathology is evident in blast-injured animals and human cte
Key pathological findings for CTE include tau hyperphosphorylation and neuritic threads. The pathology is commonly located in subcortical and perivascular foci. 28 DAB staining revealed increased tau markers, PHF, and CP-13, after repeat blasts in perivascular areas adjacent to the hippocampus in Sprague-Dawley rats 3 weeks postinjury, but not in control or repeat-blast+DHA animals ( Fig.  3A-L) . The ratio of positive PHF-stained cells was 0/100 for control, 18/100 for repeat-blast, and 3/100 for repeatblast+DHA animals (chi-square test 26.571 with 2 degrees of freedom, p < 0.0001). The ratio of positive CP-13-stained cells for controls was 0/100, for repeat blast it was 17/100, and for repeat-blast+DHA it was 4/100 (chi-square test 22 .571 with 2 degrees of freedom, p < 0.0001). In addition, H & E staining revealed a heterogeneous appearance, chromatolysis, vacuolization, and degenerating neurons 3 weeks after repetitive blasts but not in control or repeatblast+DHA animals ( Fig. 3M-R) . Likewise, DAB staining revealed increased MCI, PHF, and CP-13 in the entorhinal cortex of human subjects exposed to repeated head trauma (CTE diagnosis) as compared with specimens obtained in age-matched control without a history of head trauma (Fig.  4A-R) . The ratio of positive MCI-stained cells was as follows: for control, 2/100; for NFL, 23/100; and for WWE, 25/100 (chi-square test 19.7 with 2 degrees of freedom, p < 0.0001). The ratio of positive PHF-stained cells was 2/100 for control, 29/100 for NFL, and 32/100 for WWE groups (chi-square test 26 with 2 degrees of freedom, p < 0.0001). The ratio of positive CP-13-stained cells for control specimens was 2/100, for NFL specimens it was 27/100, and The level of phosphorylation is dependent on the structural organization of tau and additionally on tau aggregation. PHFs are precursors to tau oligomers and indicate intrasomatic accumulation of tau. DAB staining revealed that PHFs were not present in the entorhinal cortex of an age-matched control (ratio 2/100) (a and b), but were present in the entorhinal cortices of an NFL player (ratio 29/100) (c and d) and a WWE wrestler (ratio 32/100) (e and F). CP-13 is a precursor for tau neurofibrillary tangles with a balanced 3-repeat to 4-repeat ratio. DAB staining revealed that CP-13 was not present in the entorhinal cortex of an age-matched control (ratio 2/100) (g and h) but was present in the entorhinal cortices of an NFL player (ratio 27/100) (i and J) and in a WWE wrestler (ratio 26/100) (K and l). MCI detects a distinct mutated version of tau that is present in neurodegenerative tauopathies. DAB staining revealed no MCI in the entorhinal cortex of an age-matched control (ratio 2/100) (m and N), but MCI was present in the entorhinal cortices of an NFL player (ratio for WWE specimens it was 26/100 (chi-square test 21.794 with 2 degrees of freedom, p < 0.0001). MCI, PHF, and CP-13 mark a progression in tauopathy. MCI is an altered form of tau that appears after injury, whereas PHF (serine 396 and 404) is a precursor to tau oligomers, and CP-13 marks pretangle tau at serine 202.
er stress is increased in blast-injured animals and human cte
The ER stress response is an important indicator for an injured cell with all three arms of the response-modulating cell survival. Acutely the ER stress response enhances survival, but chronic activation triggers apoptosis. 15 The ER stress response has been implicated in both acute injuries, such as TBI, and chronic neurodegenerative disease development, such as Alzheimer's disease. 17 We examined all three arms of the ER stress pathway with IHC both in our animals exposed to single-and repeat-blast injuries and in human CTE samples. Arm one, represented by p-eIF2a, was increased 24 hours after blast injury in the Sprague-Dawley rats (F(2,12) = 4.07, p < 0.05) (Fig.  5H-N) . Post hoc comparison showed statistical significance between control and a single-blast injury (t = 2.852, p < 0.05). One-way ANOVA revealed no statistical significance for Arm two, represented by XBP1, 24 hours after a single-or repeat-blast injury in Sprague-Dawley rats (Fig.  5O-U) . The 1-way ANOVA for Arm three, represented by ATF6, was statistically significant (F(2,12) = 4.8, p < 0.05) for blast animals, and Bonferroni post hoc comparison revealed a significant difference between control and repeatblast groups (t = 2.710, p < 0.05) (Fig. 5M-R) . p-eIF2a was increased in the NFL and WWE CTE brains (F(2,12) = 13.08, p < 0.001) (Fig. 6H-N) . Post hoc comparison showed a significant difference between control and NFL brain samples (t = 3.798, p < 0.01) and between control and WWE brain samples (t = 4.866, p < 0.001). XBP1 was also increased in the CTE brains (F(2,12) = 38.55, p < 0.001) (Fig. 6A-G) . Post hoc comparison showed a significant difference between control and NFL brain tissue (t = 8.647, Fig. 5 . ER stress as a defense mechanism. The ER stress response is a robust cellular mechanism that can help protect the cell from injury or toxic insult and restore homeostatic processes after injury. Arm one in particular provides vigorous neuroprotection after trauma. While acute increases in intracellular calcium trigger a modest ER stress response, the accumulation of unfolded proteins over time can enhance the vitality of the cellular ER response incorporating the detrimental Arms two and three. XBP1, Arm two of the ER stress response, was not significantly elevated in single-blast-exposed animals (c and d) or in repeat-blastexposed animals (e and F) compared with control (a and b), as depicted in the bar graph in g. P-eIF2a, Arm one of the ER stress response, was significantly elevated in the single-blast-exposed animals (*p < 0.05) (J and K) but not in the repeat-blast-exposed animals (l and m) compared with control (h and i), as depicted in the bar graph in N. ATF6, Arm three of the ER stress response, was not significantly elevated in single-blast-exposed animals (Q and r) but was significantly elevated in repeat-blast-exposed animals (*p < 0. p < 0.001) and between control and WWE brain tissue (t = 2.998, p < 0.05). Furthermore, ATF6 was increased in the CTE brains (F(2,12) = 9.935, p < 0.01) (Fig. 6O-U) . Post hoc comparison showed a significant difference between control and NFL brain samples (t = 4.369, p < 0.01) and between control and WWE brain specimens (t = 2.951, p < 0.05). CHOP was significantly elevated in human CTE brains (F(2,12) = 24.17, p < 0.001) (Fig. 7A-G) . Post hoc comparison showed a significant difference between control and NFL brain samples (t = 6.849 p < 0.001). CHOP was also significantly elevated 24 hours after blast injury in Sprague-Dawley rats (F(2,12) = 4.161, p < 0.05) (Fig.  7H-N) . Post hoc comparison showed a significant difference between control and a single-blast injury (t = 2.875, p < 0.05).
er stress is associated with tau hyperphosphorylation
Tau hyperphosphorylation is an important precursor for the development of CTE. 29 Currently, the mechanism of CTE development is not known, but ER stress offers to be a promising candidate based on prior work in neurotrauma showing an acute elevation of ER stress and chronic elevation of ER stress in neurodegenerative disease such as Alzheimer's disease. We costained for ER stress activation, IRE1a, and tau hyperphosphorylation, AT270, in human CTE brains as well as Sprague-Dawley rats exposed to blast injury (Fig. 8) . IRE1a was used to represent the second arm of ER stress and has been colocalized with other tauopathies. 17 The Pearson's coefficient for human control brain was low (r = 0.173), but overlap coefficient was high for the NFL brain (r = 0.881, k1 = 0.548, and k2 
tau Kinase activity and hyperphosphorylation increased with repetitive blast injury
GSK3b is activated by the ER stress response and contributes to chronic neurodegeneration. 17 GSK3b is respon- sible for over one-third of all tau hyperphosphorylation and can lead to neuronal apoptosis. 56 We propose that ER stress activates GSK3b in a biphasic manner both acutely and chronically. 23 An initial spike in activity is seen acutely that resolves, but over time GSK3b activity continually rises in conjunction with neurodegeneration. GSK3b was costained with a marker for tau hyperphosphorylation, AT100, in human CTE brains and Sprague-Dawley rats exposed to blast injury (Fig. 9 ). AT100 is a marker of tau hyperphosphorylation at threonine 212 and serine 214, and GSK3b is known to phosphorylate at those sites. 
pharmacological modulation of er stress alters tau hyperphosphorylation
Twenty-four hours postblast, we examined protein expression changes from Arms one and two of the ER stress response for single-blast-injured animals with and without DHA. A significant difference in GADD34 protein expression was seen (F(3,12) = 10.17, p < 0.01). Post hoc analysis revealed a significant difference between control and single-blast groups (t = 6.009, p < 0.01), between singleblast and single-blast+DHA groups (t = 5.92, p < 0.01), and between single-blast and DHA-only groups (t = 6.848, p < 0.01) (Fig. 10A) . A significant difference in p-JNK was seen (F(3,12) = 9.779, p < 0.01). Post hoc analysis revealed a significant difference between control and single-blast groups (t = 6.221, p < 0.01), between single-blast and single-blast+DHA groups (t = 6.634, p < 0.01), and between single-blast and DHA-only groups (t = 6.04, p < 0.01) (Fig.  10B ). In addition, we looked at BiP expression changes 3 weeks after repetitive blast exposure and how ER stress activation contributed to phosphorylation of tau kinases. A significant difference in BiP expression was seen (F(2,6) = 8.445, p < 0.05). Post hoc analysis revealed a significant difference between control and repeat-blast groups (t = 4.867, p < 0.05) and between repeat-blast and repeat-blast+DHA groups (t = 5.185, p < 0.05) (Fig. 11A) . A significant difference in phosphorylation of GSK3b at tyrosine 216 was seen (F(2,6) = 31.73, p < 0.001). Post hoc analysis revealed a significant difference between control and repeat-blast groups (t = 10.31, p < 0.001) and between repeat-blast and repeat-blast+DHA groups (t = 9.085, p < 0.01) (Fig. 11B) . All three arms of the ER stress response are known to increase CHOP. 17 CHOP is an important protein linking ER stress to neurodegeneration via the activation of tau kinases. A significant difference in CHOP protein expression between groups was seen 24 hours after blast exposure (F(2,13) = 9.8, p < 0.01). Post hoc analysis revealed a significant difference between control and single-blast groups (t = 5.29, p < 0.05) and between single-blast and single-blast+DHA groups (t = 5.361, p < 0.01). DHA reduced CHOP back toward control levels (Fig. 12A) . AT270 is a marker of tau hyperphosphorylation at threonine 181. The threonine 181 residue is commonly phosphorylated only when tau has translocated to the cell soma. 20 A significant difference in AT270 between groups was seen 3 weeks after repeat-blast exposure (F(2,9) = 6.451, p < 0.05) (Fig. 12B) . Post hoc analysis revealed a significant difference between control and repeat-blast groups (t = 4.81, p < 0.05) and between repeat-blast and repeat-blast+DHA groups (t = 4.111, p < 0.05). CP-13 signals a change in tau hyperphosphorylation toward pretangle tau. A significant difference in CP-13 was seen 3 weeks after repeat-blast exposure (F(2,6) = 13.23, p < 0.01) (Fig. 12C) . Post hoc analysis revealed a significant difference between control and repeat-blast groups (t = 5.778, p < 0.05) and between repeat-blast and repeat-blast+DHA groups (t = 6.714, p < 0.05).
repeat-blast exposure induces cte-like behavioral changes alleviated by dha administration CTE can lead to cognitive deficits and dementia. 50 We sought to reproduce CTE-like behavioral changes, in addition to the pathological changes described above, using a clinically relevant blast model. Using Morris water maze, a hippocampal-dependent cognitive performance test, we aa and bb) . The WWE/CTE brain has apparent AT270 (red) (e and F), IRE1a (green) (Q and r), and overlap (yellow) (cc and dd). IRE1a also has strong overlap coefficient with AT270 for single-blast-exposed animals (r = 0.934) and repeatblast-exposed animals (r = 0.807) compared with a weak Pearson's coefficient for the control (r = 0.374). The control has minimal AT270 (red) (g and h), IRE1a (green) (s and t), and overlap (yellow) (ee and Ff). The single-blast-exposed animal has apparent AT270 (red) (i and J), IRE1a (green) (u and v), and overlap (yellow) (gg and hh). The repeat-blast-exposed animal has apparent AT270 (red) (K and l), IRE1a (green) (w and X), and overlap (yellow) (ii and Jj). specifically evaluated postblast changes to determine potential deficits in memory acquisition and retention. 37 In addition, we evaluated DHA, a proposed ER stress modulator, as a potential preventative/therapeutic agent. We found DHA administration 5 minutes following each blast and subsequent every-other-day administration attenuated learning deficits from repeat-blast exposure. A significant difference in learning across trial days (F(5,126) = 19.68, p < 0.001) and between groups (F(2,126) = 38.53, p < 0.001) was observed. Post hoc analysis revealed a significant difference between control and repeat-blast groups for latency to platform on Day 2 (t = 3.633, p < 0.01), Day 3 (t = 3.455, p < 0.01), Day 4 (t = 4.057, p < 0.001), Day 5 (t = 3.079, p < 0.01), and Day 6 (t = 3.149, p < 0.01). A significant difference in latency to platform was also seen between repeatblast and repeat-blast+DHA groups on Day 2 (t = 3.855, p < 0.001), Day 3 (t = 3.918, p < 0.001), Day 4 (t = 4.415, p < 0.001), Day 5 (t = 3.442, p < 0.01), and Day 6 (t = 3.283, p < 0.01) (Fig. 12D) . The probe trial revealed a significant difference between groups (F(2,21) = 16.17, p < 0.001) in time exploring an area 300% of where the platform had been located prior (Fig. 12E) . Post hoc comparison revealed Fig. 9 . AT100 is a marker of tau hyperphosphorylation at threonine 212 and serine 214. Tau is phosphorylated after injury by a select few kinases. GSK3b is by far the most important of these kinases, accounting for over one-third of all tau hyperphosphorylation. We show that GSK3b has a strong overlap coefficient with AT100 for the NFL/CTE brain (r = 0.881) and WWE brain (r = 0.881) compared with weak Pearson's coefficient for the control (r = 0.173). The control has minimal AT100 (red) (a and b), GSK3b (green) (m and N), and overlap (yellow) (y and Z). The NFL/CTE brain has apparent AT100 (red) (c and d), GSK3b (green) (o and p), and overlap (yellow) (aa and bb). The WWE/CTE brain has apparent AT100 (red) (e and F), GSK3b (green) (Q and r), and overlap (yellow) (cc and dd). GSK3b also has strong overlap coefficient with AT100 for single-blast-exposed animals (r = 0.931) and repeat-blast-exposed animals (r = 0.887) compared with a weak Pearson's coefficient for the control (r = 0.068). The control has minimal AT100 (red) (g and h), GSK3b (green) (s and t), and overlap (yellow) (ee and Ff). Singleblast-exposed animal has apparent AT100 (red) (i and J), GSK3b (green) (u and v), and overlap (yellow) (gg and hh). Repeatblast-exposed animal has apparent AT100 (red) (K and l), GSK3b (green) (w and X), and overlap (yellow) (ii and Jj). a significant difference between control and repeat-blast groups in time spent exploring an area 300% of where the platform had been (t = 7.331, p < 0.001) as well as between repeat-blast and DHA+repeat-blast groups (t = 6.532, p < 0.001).
discussion
ER stress has recently been implicated in chronic neurodegeneration. 31 Tauopathies are the result of aggregated and mutated proteins that cause immunoexcitotoxicity and ER stress activation. 5 The ER responds to toxic buildup of proteins by shutting down protein synthesis and inhibiting protein folding. 42 The ER stress response may accelerate tauopathy by facilitating tau hyperphosphorylation and rapid tau aggregation that leads to neurofibrillary tangles. 17 CTE is unique among tauopathies in that its onset and progression are thought to be associated with repetitive head injury. 2, 25 Currently, diagnostic and treatment options are unavailable for this disease, although they are improving with the use of the [ 18 F]FDDNP-PET imaging probe. 46 The growing number of athletes and soldiers experiencing CTE, characterized by symptoms of impulsivity, cognitive decline, and depression, urges renewed focus on understanding disease mechanism and disease progression. 53 It has long been postulated that TBI leads to chronic neurodegeneration. 30, 32, 47 Recent findings have confirmed that changes in tau, amyloid, and cognition can result from neurotrauma. 9, 34, 51 The mechanisms underlying how these changes develop is currently unknown.
We show for the first time that ER stress is intimately associated with CTE in human clinical postmortem specimens and in the development of CTE-like pathology and behavioral deficits in an animal model of repetitive neurotrauma. ER stress is acutely triggered by rapid changes in intracellular calcium following brain injury. 19 All three arms of the ER stress response were significantly elevated in human CTE brains, indicating that not only does neurotrauma lead to acute increases in ER stress, but also tau pathology likely contributes to persistent elevations in ER stress during chronic neurodegeneration. CHOP, a downstream target of ER stress, was increased in the NFL/CTE brain, but not in the WWE/CTE brain. The WWE/CTE case had more severe neurofibrillary tangle pathology, whereas the process of tau hyperphosphorylation was ongoing in the NFL CTE brain. Therefore, CHOP may be associated with active changes in the tau phosphorylation state. Begum and colleagues have shown that p-eIF2a is increased 24-48 hours after TBI, but downstream components of Arm two of the ER stress response were not increased until 3-7 days after injury. 4 These findings likely account for why we did not observe a statistically significant increase in XBP1 following single-and repeat-blast exposure at 24 hours after injury. The other branch of Arm two, p-JNK, however, was increased at 24 hours, but the expression was reduced when DHA was given. ATF6 was significantly increased 24 hours following repeat blast, indicating an appropriate cleavage from the membrane due to an accumulation of unfolded proteins. 57 Future work will examine the effects of repeat blasts on ER stress activation at subacute (3-7 day) time points. The CHOP increase was not statistically significant for repeat-blast when compared with control groups 24 hours postinjury. It is likely that CHOP will be increased after repeat blasts Tau hyperphosphorylation feeds back and activates the ER stress response by causing the dissociation of BiP from the ER membrane. A significant difference between groups was observed 3 weeks after repetitive blast exposure for BiP. a: The repeat-blast group had increased levels of BiP compared with the control (*p < 0.05) and with the repeatblast+DHA group (#p < 0.05). Activation of the tau kinase GSK3b can lead to increased tau pathology following TBI. A significant difference between groups was reported for p-GSK3b. b: The repeat-blast group has increased phosphorylation of GSK3b at tyrosine 216 compared with the control (***p < 0.001) and with the repeat-blast+DHA group (##p < 0.01). RB = repeat blast. starting 3 days postinjury. The initial lack of change is likely due to inflammatory preconditioning from the short interval between blast exposures.
Using our clinically relevant and validated blast model, we examined active changes in tau following blast-induced TBI and correlated these changes with human CTE pathology. The ER stress-activated tau kinase, GSK3b, was significantly increased after repetitive blast injury, and subsequent tau hyperphosphorylation was colocalized within the same cells where ER stress activation was occurring. The activating phosphorylation of GSK3b at tyrosine 216 was reduced by DHA administration. Future work will focus on teasing out exactly how an increase in CHOP may activate GSK3b and in which specific cell types these changes are occurring. Interestingly, ATF6 from Arm three of the ER stress pathway has been shown to significantly elevate Akt. 59 Since GSK3b triggers apoptosis, Akt is necessary to directly inhibit GSK3b and promote cell survival. Neuronal survival is required for transsynaptic tau propagation. 40 Akt is a well-known tau kinase that fosters the transsynaptic spread of tau tangles over time. 44 We plan to investigate these interactions between Akt and GSK3b in follow-up studies. It is likely that ATF6 is continually activated at extended time points in the injury cascade compared with Arms one and two of the ER stress response, which would account for the initial increase we observed in GSK3b following blast exposure.
Many of the experimental drugs that target the ER stress response have a high affinity for a single arm of the pathway at upstream targets. While beneficial acutely, these compounds fail to address the compensatory response of the remaining arms of the ER stress response and subsequent crosstalk between the arms. The crosstalk is what allows CHOP to be pushed above threshold and apoptosis and tau hyperphosphorylation to ensue. 15 The ER stress response is a cellular defense mechanism. If protein folding cannot be restored quickly, the ER triggers the cell to undergo apoptosis. Too much activation of Fig. 12 . DHA decreases ER stress and tau while preventing cognitive decline. CHOP is a key downstream target of all three arms of the ER stress pathway. Among its many roles, CHOP contributes to apoptosis, activation of tau kinases, and disruption of the mitochondria. A significant difference between groups was observed 24 hours after blast exposure. a: The single-blast group had a significant increase in CHOP (**p < 0.01) compared with the control. The DHA+blast group had a significant reduction in CHOP (##p < 0.01) compared with the single-blast group only. AT270 is a marker of tau hyperphosphorylation that symbolizes the transition phase for tauopathy development. b: Repeat blast increased AT270 compared with the control (*p < 0.05). DHA+repeat blast significantly reduced AT270 (#p < 0.05) compared with a repeat blast alone. c: Repeat blast increased CP-13 compared with the control (*p < 0.05). DHA+repeat blast significantly reduced CP-13 (##p < 0.05) compared with repeat blast only. To establish the animals' cognitive performance and the ability to learn, they were tested in a Morris water maze. See the Morris Water Maze section for a description of the protocol used for this experiment. d: A significant difference in learning across trial days (p < 0.001) and between groups (p < 0.001) was observed. A significant difference between control and repeat-blast groups for latency to platform was observed on Day 2 (**t = 3.633, p < 0.01), Day 3 (**t = 3.455, p < 0.01), Day 4 (***t = 4.057, p < 0.001), Day 5 (**t = 3.079, p < 0.01), and Day 6 (**t = 3.149, p < 0.01). A significant difference in latency to platform was also seen between repeat-blast and repeat-blast+DHA groups on Day 2 (###t = 3.855, p < 0.001), Day 3 (###t = 3.918, p < 0.001), Day 4 (###t = 4.415, p < 0.001), Day 5 (##t = 3.442, p < 0.01), and Day 6 (##t = 3.283, p < 0.01). e: A significant difference between control and repeat-blast groups (***p < 0.001) and between repeat-blast and repeat-blast+DHA groups (###p < 0.001) was seen on probe trial. any arm of the ER stress response can accelerate this process and contribute to chronic neurodegeneration. 12 DHA acutely inhibits all three arms of the ER stress response after injury by limiting the intracellular calcium surge. 3 DHA reduced GADD34 and p-JNK acutely, but also decreased BiP 3 weeks following repeat blasts. By acting at a target step above ER stress activation and BiP dissociation, DHA prevents the compensatory reverberation from other arms of the ER stress pathway, allowing little to no acute protein regulation resulting from injury. In addition, DHA has recently been shown to readily enter the brain and inhibit neurofibrillary tangle formation in a murine model of Alzheimer's disease. 13, 22 Linking these two important properties of DHA is a topic of ongoing investigation.
conclusions
Markers of ER stress were increased in both SpragueDawley rat samples and human CTE specimens. These markers were colocalized with tau pathology in hippocampal neurons. Sprague-Dawley rats showed pretangle tau changes comparable to those of human CTE 3 weeks after a repetitive blast. Most importantly, we showed that the omega-3 derivative, DHA, reduced ER stress-mediated CHOP expression, GADD34 expression, and p-JNK at 24 hours and additionally reduced tau hyperphosphorylation, BiP dissociation, and phosphorylation of GSK3b at 3 weeks postinjury. DHA also decreased cognitive decline measured by Morris water maze when given 5 minutes after each blast exposure. DHA appears to have pharmacotherapeutic potential as a preventative treatment against the development of CTE and may be a promising treatment for various other forms of neurotrauma.
